Optical surveys, such as the MACHO project, often uncover variable stars whose classification requires followup observations by other instruments. We performed X-ray spectroscopy and photometry of the unusual variable star MACHO 311.37557.169 with XMM-Newton in April 2018, supplemented by archival X-ray and optical spectrographic data. The star has a bolometric X-ray luminosity of about 1 × 10 32 erg s −1 cm −2 and a heavily absorbed two-temperature plasma spectrum. The shape of its light curve, its overall brightness, its X-ray spectrum, and the emission lines in its optical spectrum suggest that it is most likely a VY Scl cataclysmic variable.
Introduction
The MACHO survey (Alcock et al., 1997 (Alcock et al., , 2000 (Alcock et al., , 1992 was a two-colour photometric study of several million stars in the Magellanic Clouds and the Galactic Bulge that aimed to spot gravitational lensing events associated with massive free-floating bodies in the Galactic halo. A useful byproduct was the discovery of numerous intrinsically variable stars in the southern sky (e.g. Cieslinski et al. 2004) , of which many still require classification.
Our target was first observed as a variable star of unknown nature by Hoffleit (1972) , ranging between visual magnitudes 16.2 and 14.8 on photographic plates, and was eventually designated NSV 10530 (e.g. Samus et al. 2004) . It was later observed during the MACHO survey, under the designation MACHO 311.37557.169 (henceforth M311, RA 18 18 41.7, DEC -23 56 21.10), and was identified as a possible cataclysmic variable by Zaniewski et al. (2005) . Those authors were searching for R CrB stars, obtained optical spectra of numerous candidates, and excluded this object because it exhibits the conspicuous Balmer lines that R CrBs lack. Instead, they hypothesised that it is an AM Her star. The Gaia Data Release 2 (Bailer-Jones et al., 2018; Gaia Collaboration et al., 2018 gives a parallax of 0.723 ± 0.054 mas for M311, providing a distance estimate of 1.34 +0.11 −0.09 kpc. The star is listed as bright as m V = 14.8 in DR10 of the APASS catalogue (Henden et al., 2018) , at m V = 15.7, m I = 15.2 in the OGLE-III database (Szymański et al., 2011) , and at around m V = 14.8 in ASASSN (Kochanek et al., 2017; Shappee et al., 2014) . M311 has been observed by XMM-Newton on two occasions. In 2006 it was spotted serendipitously in an observation of the pulsar candidate AX J1817.6−2401, in which M311 is visible far off-axis, about 11.7 arcminutes, ⋆ Corresponding author: hworpel@aip.de with the MOS1 and MOS2 cameras and was thus designated as 3XMM J181841.7-235618 in the 3XMM catalogue (Rosen et al., 2016) . It is unfortunately outside the fields of view of the EPIC-pn and Optical Monitor. A second, targeted, pointing was performed in 2018 by XMM-Newton and we additionally found a short serendipitous observation of its field by Swift from Aug 2017.
We here present an analysis of the X-ray data, the MA-CHO light curve, and the optical spectrum. Our aim is to classify M311. (2010). The MACHO blue and red filter magnitudes were converted to Johnson V and Kron-Cousins R magnitudes using the conversion formulae in Popowski et al. (2003) . The light curves and colours are shown in Figure 2 . We also include absolute magnitudes, derived from the Gaia distance. These have not been corrected for Galactic extinction.
To find possible periodicities of a few hours in the long-term light curve, we subtracted the best-fitting quartics from the segments before and after the dip and performed an analysis-of-variance (AoV; e.g. Schwarzenberg-Czerny 1989) on the residuals. Other than a signal at 24 hours and some of its integer divisors-the rotation of the Earth and its aliases-we found no signal.
By adding a faked sinusoidal signal to the residuals we deduced that a modulation with a half-amplitude of 0.1 magnitudes would have been detectable if stable in time.
The ASASSN survey has observed the target 290 times, during which it had an average m V of 14.8 and no longterm light curve variations. We downloaded these data and performed another AoV search on them between 5 minutes and 24 hours to search for shorter term periodicities, but there was no significant signal.
Hutton-Westfold Observatory Data
The Hutton-Westfold Observatory is a teaching observatory located at Monash University in Melbourne, Australia. It consists of a 14-inch telescope. On the night of 2019 Oct 23 we obtained a single 60 s exposure of M311 that confirmed the target was in a bright state.
The following night we obtained 63 × 60 s exposures using the V filter. One exposure, near the end of the run, was affected by a passing cloud and unusable. We performed bias, dark, and flat field correction, and image alignment using AstroImageJ (Collins et al., 2017) . The observations were performed under very challenging conditions, with significant light pollution, some high cloud, and high airmass (1.46-2.01).
We used a nearby bright star at RA 18 18 42 DEC -23 52 43 with V magnitude 9.798±0.004 (Henden et al., 2018) as the comparison star. The mean magnitude, measured from the stacked observations, of M311 is around m V = 15.2 ± 0.1, slightly brighter than it was during the the MACHO observations. We used apertures of radius 40 and 19 pixels for the comparison star and target respectively, and annuli of outer radius 58 and 29 pixels respectively for the sky.
We did not see any clear evidence for variability of M311 in the individual frames, due to the unfavourable viewing conditions. Stacking multiple frames together did not help, so we are unable to detect or to rule out variability of ∼ 0.2 magnitudes or less.
X-ray spectra
XMM-Newton observed M311 for 13 ks on 2006 March 19 (obsid 0304220401) and for 23 ks on 2018 Apr 11 (obsid 0803830201). The Swift observation was 0.5 ks long, on 2017 Aug 29 (obsid 07014478001). The observations are summarised in Table 1 .
We reduced the XMM-Newton data with version 16.1.0 of the XMM-SAS software and produced photon event lists with the emchain and epchain tasks. The arrival times were corrected to the solar system barycenter with the barycen task. In the earlier observation the source was so far off-axis that the point spread function was distinctly non-circular, so we used an elliptical source extraction region with minor and major radii (10 and 15 arcsec) respectively, and rotated to approximately the same orientation as the source. The background extraction region was a large circle located in a source-free region on the same chip. For the later, targeted, observation we used circular source and background extraction regions.
The spectra are shown in Figure 3 . We assumed the source had the same spectrum, with possibly varying intensity, in both observations so we fitted all five spectra jointly. We attempted to fit with a Mekal plasma model (Liedahl et al., 1995; Mewe et al., 1985) and found that a two-temperature plasma was necessary together with strong partial absorption. We also required an additional Gaussian near 6.4 keV. Thus, the Xspec model was const*pcfabs*(mekal+mekal+gaussian).
The results are given in Table 2 . Uncertainties are at the 1σ level and fluxes are bolometric, obtained via the cflux command of Xspec (Arnaud, 1996) . The equivalent width of the additional Gaussian component was determined using the eqwidth command and found to be 350 ± 100 eV.
The variable normalisation factor between the 2018 and 2006 observation was 1.14 +0.13 −0.12 , indicating that the 2006 observation may have been slightly brighter, but the results are consistent with a constant X-ray luminosity. The absorption fraction, though very close to unity, did not give an adequate fit if we set it to 100%, or replaced it with a totally covering cold absorber. We also calculated the X-ray luminosity of M311 using the bolometric flux and the Gaia distance.
Simplifying the model, by changing to a onetemperature plasma or replacing the partially covering absorber with a cold totally-covering absorber, did not produce acceptable fits. We obtained χ 2 ν of 1.84 and 1.30 respectively, and the cooler hump in the 2018 spectrum was clearly not fit adequately.
The binned spectra clearly show a feature around 6.0-7.0 keV, coincident with the iron emission line triplet. If, in particular, the 6.4 keV fluorescence line is present we can use its equivalent width to determine if the X-ray emission is primarily scattered, as is sometimes seen in CVs with discs. We therefore tested whether the iron lines are significantly detected, under the following assumptions: First, we assume that the emission between 5.5 keV and 7.5 keV is an unabsorbed plasma continuum with possibly Gaussian emission lines superimposed on it. We model the plasma continuum as a bremsstrahlung with temperature fixed at 7.8 keV. For this exercise we will not use a Mekal model since that already includes the 6.7 and 6.9 keV lines. Second, we assume that the spectrum is the same shape in 2018 as it was in 2006 but with possibly different luminosity. Thus, we separated the 2018 and 2006 data into two spectral groups, with a constant multiplicative factor that can differ between them, as for the previous fit.
To avoid losing fine spectral features to the binning procedure, we fit the unbinned spectra between 5.5 keV and 7.5 keV with the c-statistic. We used the method developed by Kaastra (2017) to estimate the goodness of fit. Fitting with only a bremsstrahlung model and no Gaussians gave a c-stat 4.1σ above the expected value, indicating a poor fit. Thus, the iron line complex as a whole is clearly detected.
Next, we added a single Gaussian to test the possibility that the iron line triplet is detected but that the individual lines cannot be distinguished. For a Gaussian with best-fit energy 6.68 +0.16 −0.21 keV and equivalent width of 1.4 +1.6 −0.9 keVfor all three lines combined-we obtained a fit consistent (0.45σ) with the data. We conclude therefore that there is no need to separate the iron line complex into three lines to obtain a formally acceptable fit and that, therefore, we cannot resolve the individual lines. Furthermore, this fit gave a line energy of around 6.7 keV-suggesting that the fluorescent line is approximately equal in intensity to the 7.0 keV line, or around 0.2 keV and somewhat lower than the more crude fit performed above. These two lines have equivalent widths of 650 and 340 eV respectively for a 7.8 keV Mekal. Thus, the sum of the equivalent widths is consistent with the value derived above, with or without the 6.4 keV fluorescent line. We conclude that evidence for its presence is weak at best.
X-ray photometry
In Figure 4 we show the XMM-Newton X-ray light curves of M311 in all available instruments. There is no obvious evidence of variability.
We reduced the Swift XRT data using xrtpipeline version 0.13.3. The source was not detected in X-rays, and it was outside the field of view of the UV telescope. Using the procedure of Loredo (1992) (eq. 5.13) we obtain a 1σ upper limit to the count rate of 2.4 × 10 −4 s −1 . If we assume the same spectral shape as in the 2018 observation but a different normalisation we obtain a bolometric flux of less than 4.1 × 10 −13 erg s −1 cm −2 . Thus, it seems that M311 is X-ray variable by a factor of at least three.
We also looked for periodicities in the X-ray data for the 2018 observation. To do this, we applied the H-test (de Jager et al., 1989) to the barycenter-corrected EPIC-pn source event list from the 2018 observation. We sought periods between one minute and one hour. We found a significant signal at around 136 s but, on closer investigation, this turned out to be in the soft proton flaring and not in the source.
We constructed an X-ray to optical ratio by approximating the optical flux by log 10 (F opt ) = −m V /2.5 − 5.37 (Maccacaro et al., 1988) and comparing this to the X-ray flux between 0.5 and 2.0 keV. Since M311 is variable both in X-rays and in the optical, this ratio is not well defined. We therefore simply took the 2018 XMM observation, and the approximate non low-state m V = 16 magnitude observed by MACHO. We obtained log 10 (F X /F opt ) = −2.1. 
Optical Monitor
In the 2018 observation XMM-Newton's Optical Monitor observed the target with the UVW1 filter, centered around 300 nm. The OM light curve ( Figure 5 ) showed significant variability over the duration of the observation, ranging from approximately 6 to 12 counts per second. Superimposed on this is apparently some shorter-term flickering of amplitude ∼ 0.1 mag, but the data is not of sufficient quality to make any definitive statement regarding this flickering. We performed an Analysis-of-Variance (AoV) period search (Schwarzenberg-Czerny, 1989) but there was no strong signal. To account for the possibility of longer term variability swamping a fast periodic signal, we subtracted the best-fitting sinusoid from the OM light curve and repeated the AoV search on the remainder. Again, we found no signal.
The magnitude of M311 was m UVW1 = 14.8 ± 0.2, M UVW1 = 4.2±0.3. This is quite bright and indicates that the XMM-Newton observation occurred during the high state, and not during one of the dips. 
Discussion
We have studied the optical, UV, and X-ray properties of the X-ray source MACHO 311.37557.169 to attempt to determine its nature. The prominent emission lines of hydrogen suggest that it is a cataclysmic variable, and the long term behaviour of the MACHO light curve resembles a CV switching from high to low states. The decline to the low state, however, would be unusually slow for a magnetic CV. Furthermore, it it was magnetic, we would expect the 4686Å helium line to be stronger. A more likely hypothesis is that it is a VY Scl star. Its long-term optical light curve strongly resembles, for instance, that of TT Ari (Zemko et al., 2014) or V794 Aql (Greiner, 1998) , both in the depth of the dip and in its duration of a few hundred days. Its high state absolute magnitude of ∼ 5 is similar to that of V794 Aql, 5.2, and the optical spectrum resembles that of the VY Scl star RX J2338+431 (Weil et al., 2018) , with the He II 4865 line roughly the same intensity as the He I 4471 line, and showing just a trace of an iron feature at 5169Å. The UV light curve from the 2018 observation show features that are consistent with flickering and possibly a superhump period of ∼ 4 hours in the UV though the observation is not long enough for a definitive conclusion.
The X-ray spectrum of M311, a partially absorbed two-temperature plasma with a luminosity of order 10 32 to 10 33 erg s −1 , is also consistent with a CV, which have long been known to be strong X-ray emitters. Again, there are strong similarities to V794 Aql, which also showed a two-temperature plasma spectrum with luminosity 4 × 10 32 erg s −2 , as calculated from the flux measurement of Zemko et al. (2014) together with the distance determination of Bailer-Jones et al. (2018) . There was some evidence for a fluorescent iron line at 6.4 keV. The equivalent width was difficult to determine because of the mediocre photon statistics, but seems to be in about the 200 to 400 eV range. Although this is a higher value than in the VY Scl star TT Ari (0.1 keV; Zemko et al. 2014 ), it appears similar to the one found for V751 Cyg (see Page et al. 2014 , Table 2 ).
If the CV interpretation is correct, then the large absorption column density and covering fraction suggests a high system inclination. There is no evidence for eclipses in any of the light curves, however. The low F X /F opt value of -2.1 is low compared to magnetic CVs, even the X-ray underluminous IPs (e.g., -1.7 in the case of V902 Mon, Worpel et al. 2018) .
Other types of variable stars are unlikely. M311 shows Balmer lines, so it is not an R CrB star. The optical colour is too blue to be a semiregular variable, and the optical reddening with decreasing brightness does not seem to fit a normal dwarf nova or anti dwarf nova. The two-peaked X-ray spectrum superficially resembles that of a δ-type symbiotic variable (e.g., Luna et al. 2013 ) but M311 is too close for the companion star to be a red giant. Similarly, it is not luminous enough to be a Herbig Ae/Be object. Conversely, it is too X-ray luminous, by at least an order of magnitude, to be a T Tauri star (e.g. Telleschi et al. 2007 , Fig 1) . Although the object shows HeII lines their weakness would be unusual for a magnetic CV.
We have found that M311 is likely to be a VY Scl star, based on its numerous similarities to that class and on ruling out other types of variable stars. A longer optical campaign aimed at determining the orbital, and possibly the spin, periods would be desirable. Further short-term photometry with the goal of finding or ruling out variability on ∼ 15 m time scales would also be helpful.
